administration. During intravenous therapy with NTG, if blood pressure (BP) drops and ischemia is not relieved, the addition of phenylephrine will allow coronary perfusion pressure (CPP) to be maintained while allowing higher doses of NTG to be used for ischemia relief. If reflex increases in heart rate (HR) and contractility occur, combination therapy with β-adrenergic blockers may be indicated to blunt this undesired increase in HR. Combination therapy with nitrates and calcium channel blockers may be an effective anti-ischemic regimen in selected patients; however, excessive hypotension and reflex tachycardia may be a problem, especially when a dihydropyridine calcium antagonist is used.
Mechanism of Action
NTG enhances myocardial oxygen delivery and reduces myocardial oxygen demand. NTG is a smooth muscle relaxant that causes vasculature dilation. 2 Nitrate-mediated vasodilation occurs with or without intact vascular endothelium. Nitrites, organic nitrites, nitroso compounds, and other nitrogen oxide-containing substances (e.g., nitroprusside) enter the smooth muscle cell and are converted to reactive nitric oxide (NO) or S-nitrosothiols, which stimulate guanylate cyclase metabolism to produce cyclic guanosine monophosphate (cGMP) (Fig. 8-1) . A cGMP-dependent protein kinase is stimulated with resultant protein phosphorylation in the smooth muscle. This leads to a dephosphorylation of the myosin light chain and smooth muscle relaxation. Vasodilation is also associated with a reduction of intracellular calcium. Sulfhydryl (SH) groups are required for formation of NO and the stimulation of guanylate cyclase. When excessive amounts of SH groups are metabolized by prolonged exposure to NTG, vascular tolerance occurs. The addition of N-acetylcysteine, an SH donor, reverses NTG tolerance. The mechanism by which NTG compounds are uniquely better venodilators, especially at lower serum concentrations, is unknown but may be related to increased uptake of NTG by veins compared with arteries. 3 
Physiologic Effects
Two important physiologic effects of NTG are systemic and regional venous dilation. Venodilation can markedly reduce venous pressure, venous return to the heart, and cardiac filling pressures. Prominent venodilation occurs at lower doses and does not increase further as the NTG dose increases. Venodilation results primarily in pooling Supply and Demand of blood in the splanchnic capacitance system. Mesenteric blood volume increases as ventricular size, ventricular pressures, and intrapericardial pressure decrease. NTG increases the distensibility and conductance of large arteries without changing systemic vascular resistance (SVR) at low doses. Improved compliance of the large arteries does not necessarily imply afterload reduction. At higher doses, NTG dilates smaller arterioles and resistance vessels, which reduces afterload and BP. Reductions in cardiac dimension and pressure reduce myocardial oxygen consumption (MṾo 2 ) and improve myocardial ischemia. NTG may preferentially reduce cardiac preload while maintaining systemic perfusion pressure, an important hemodynamic effect in myocardial ischemia. However, in hypovolemic states, higher doses of NTG may markedly reduce systemic BP to dangerous levels. A reflex increase in HR may occur at arterial vasodilating doses.
NTG causes vasodilation of pulmonary arteries and veins and predictably decreases right atrial (RAP), pulmonary artery (PAP), and pulmonary capillary wedge pressures (PCWP). Pulmonary artery hypertension may be reduced in various disease states and in congenital heart disease with NTG.
NTG has several important effects on the coronary circulation (Box 8-1). NTG is a potent epicardial coronary artery vasodilator in both normal and diseased vessels. Stenotic lesions dilate with NTG, reducing the resistance to coronary blood flow (CBF) and improving myocardial ischemia. Smaller coronary arteries may dilate relatively more than larger coronary vessels; however, the degree of dilation may depend on the baseline tone of the vessel. NTG effectively reverses or prevents coronary artery vasospasm.
Total CBF may initially increase but eventually decreases with NTG despite coronary vasodilation. Autoregulatory mechanisms probably result in decreases in total flow as a result of reductions in wall tension and myocardial oxygen consumption. However, regional myocardial blood flow may improve by vasodilation of intercoronary collateral vessels or reduction of subendocardial compressive forces. Coronary arteriographic studies in humans demonstrate that coronary collateral vessels increase in size after NTG administration. This effect may be especially important when epicardial vessels have subtotal or total occlusive disease. Improvement in collateral flow may also be protective in situations in which coronary artery steal may occur with other potent coronary vasodilator agents. The improvement in blood flow to the subendocardium, the most vulnerable area to the development of ischemia, is secondary to both improvement in collateral flow and reductions in left ventricular end-diastolic pressure (LVEDP), which reduce subendocardial resistance to blood flow. With the maintenance of an adequate CPP (e.g., with administration of phenylephrine), NTG can maximize subendocardial blood flow. The ratio of endocardial to epicardial blood in transmural segments is enhanced with NTG. Inhibition of platelet aggregation also occurs with NTG; however, the clinical significance of this action is unknown.
Intravenous Nitroglycerin
Nitroglycerin has been available since the early 1980s as an injectable drug with a stable shelf half-life in a 400-μg/mL solution of D 5 W. Blood levels are achieved instantaneously, and arterial dilating doses with resulting hypotension may quickly occur. If the volume status of the patient is unknown, initial doses of 5 to 10 μg/min are recommended. The dose necessary for relieving myocardial ischemia may vary from patient to patient, but relief is usually achieved with 75 to 150 μg/min. In a clinical study of 20 patients with rest angina, a mean dose of 72 μg/min reduced or abolished ischemic episodes in 85% of patients. However, doses as high as 500 to 600 μg/min may be necessary for ischemic relief in some patients. Arterial dilation becomes clinically apparent at doses around 150 μg/min. Drug offset after discontinuation of an infusion is rapid (2 to 5 minutes). The dosage of NTG available is less when the drug is administered in plastic bags and polyvinylchloride tubing because of NTG absorption by the bag and tubing, although this is not a significant clinical problem because the drug is titrated to effect.
β-Adrenergic Blockers
β-Adrenergic blockers have multiple favorable effects in treating the ischemic heart during anesthesia (Box 8-3). They reduce oxygen consumption by decreasing HR, BP, and myocardial contractility. HR reduction increases diastolic CBF. Increased collateral blood flow and redistribution of blood to ischemic areas may occur with β-blockers.
More free fatty acids may be available for substrate consumption by the myocardium. Microcirculatory oxygen delivery improves, and oxygen dissociates more easily from hemoglobin after β-adrenergic blockade. Platelet aggregation is inhibited. β-Blockers should be started early in ischemic patients in the absence of contraindications. Many patients at high risk of perioperative cardiac morbidity should be started on β-blocker therapy before surgery and continued on this therapy for up to 30 days after surgery. Perioperative administration of β-adrenergic blockers reduces both mortality and morbidity when given to patients at high risk for coronary artery disease who must undergo noncardiac surgery. 4 These data suggest that intermediate-and high-risk patients presenting for noncardiac surgery should receive perioperative β-adrenergic blockade to reduce postoperative cardiac mortality and morbidity. Recommendations on the perioperative use of β-adrenergic blockade for noncardiac surgery are given in Box 8-4.
Physiologic Effects
anti-ischemic effects β-Blockade on the ischemic heart may result in a favorable shift in the oxygen demand/ supply ratio. 5 The reductions in the force of contraction and HR reduce myocardial oxygen consumption and result in autoregulatory decreases in myocardial blood flow. Several studies have shown that blood flow to ischemic regions is maintained with propranolol.
antihypertensive effects
Both β 1 -and β 2 -receptor blockers inhibit myocardial contractility and reduce HR; both effects should reduce BP. No acute decrease in BP occurs during acute administration of propranolol. However, chronic BP reduction has been attributed to a chronic reduction in cardiac output (CO). Reductions in high levels of plasma renin have been suggested as effective therapy in controlling essential hypertension.
electrophysiologic effects
Generalized slowing of cardiac depolarization results from reducing the rate of diastolic depolarization (phase 4). Action potential duration and the QT interval may BOX 8-2 RecommendationsforIntraoperativeNitroglycerin *Conditions for which there is evidence for and/or general agreement that a procedure be performed or a treatment is of benefit.
�Conditions for which there is a divergence of evidence and/or opinion about the treatment. �Conditions for which there is evidence and/or general agreement that the procedure is not necessary.
• Class I* High-risk patients previously on nitroglycerin who have active signs of myocardial ischemia without hypotension.
• Class II� As a prophylactic agent for high-risk patients to prevent myocardial ischemia and cardiac morbidity, particularly in those who have required nitrate therapy to control angina. The recommendation for prophylactic use of nitroglycerin must take into account the anesthetic plan and patient hemodynamics and must recognize that vasodilation and hypovolemia can readily occur during anesthesia and surgery.
• Class III� Patients with signs of hypovolemia or hypotension.
shorten with β-adrenergic blockers. The ventricular fibrillation threshold is increased with β-blockers. These antiarrhythmic actions of β-blockers are enhanced in settings of catecholamine excess, such as in pheochromocytoma, acute myocardial infarction, the perioperative period, and hyperthyroidism.
Pharmacology of Intravenous β-Adrenergic Blockers propranolol
Propranolol has an equal affinity for β 1 -and β 2 -receptors, lacks intrinsic sympathomimetic activity (ISA), and has no α-adrenergic receptor activity. It is the most lipidsoluble β-blocker and generally has the most central nervous system side effects. First-pass liver metabolism (90%) is very high, requiring much higher oral doses than intravenous doses for pharmacodynamic effect.
The usual intravenous dose of propranolol initially is 0.5 to 1.0 mg titrated to effect. A titrated dose resulting in maximum pharmacologic serum levels is 0.1 mg/kg. The use of continuous infusions of propranolol has been reported after noncardiac surgery in patients with cardiac disease. A continuous infusion of 1 to 3 mg/hr can prevent tachycardia and hypertension but must be used cautiously because of the potential of cumulative effects.
metoprolol
Metoprolol was the first clinically used cardioselective β-blocker (Table 8-2) . Its affinity for β 1 -receptors is 30 times higher than its affinity for β 2 -receptors, as demonstrated by radioligand binding. Metoprolol is lipid soluble, with 50% of the drug metabolized during first-pass hepatic metabolism and with only 3% 
BOX 8-4 RecommendationsforPerioperativeMedicalTherapy
• Class I β-Blockers required in the recent past to control symptoms of angina or symptomatic arrhythmias or hypertension; β-blockers: patients at high cardiac risk, owing to the finding of ischemia on preoperative testing, who are undergoing vascular surgery • Class IIa β-Blockers: preoperative assessment identifies untreated hypertension, known coronary disease, or major risk factors for coronary disease • Class III β-Blockers: contraindication to β-blockade excreted renally. Protein binding is less than 10%. Metoprolol's serum half-life is 3 to 4 hours.
As with any cardioselective β-blocker, higher serum levels may result in greater incidence of β 2 -blocking effects. Metoprolol is administered intravenously in 1-to 2-mg doses, titrated to effect. The potency of metoprolol is approximately one half that of propranolol. Maximum β-blocker effect is achieved with 0.2 mg/kg given intravenously. esmolol Esmolol's chemical structure is similar to that of metoprolol and propranolol, except it has a methylester group in the para position of the phenyl ring, making it susceptible to rapid hydrolysis by red blood cell esterases (9-minute half-life). Esmolol is not metabolized by plasma cholinesterase. Hydrolysis results in an acid metabolite and methanol with clinically insignificant levels. Ninety percent of the drug is eliminated in the form of the acid metabolite, normally within 24 hours. A loading dose of 500 μg/kg given intravenously, followed by a 50-to 300-μg/kg/min infusion, will reach steadystate concentrations within 5 minutes. Without the loading dose, steady-state concentrations are reached in 30 minutes.
Esmolol is cardioselective, blocking primarily β 1 -receptors. It lacks ISA and membrane-stabilizing effects and is mildly lipid soluble. Esmolol produced significant reductions in BP, HR, and cardiac index after a loading dose of 500 μg/kg and an infusion of 300 μg/kg/min in patients with coronary artery disease, and the effects were completely reversed 30 minutes after discontinuation of the infusion. Initial therapy during anesthesia may require significant reductions in both the loading and infusion doses.
Hypotension is a common side effect of intravenous esmolol. The incidence of hypotension was higher with esmolol (36%) than with propranolol (6%) at equal therapeutic endpoints. The cardioselective drugs may cause more hypotension because of β 1 -induced myocardial depression and the failure to block β 2 peripheral vasodilation. Esmolol appears safe in patients with bronchospastic disease. In another comparative study with propranolol, esmolol and placebo did not change airway resistance whereas 50% of patients treated with propranolol developed clinically significant bronchospasm.
labetalol
Labetalol provides selective α 1 -receptor blockade and nonselective β 1 -and β 2 -blockade. The potency of β-adrenergic blockade is 5-to 10-fold greater than α 1 -adrenergic blockade. Labetalol has partial β 2 -agonist effects that promote vasodilation. Labetalol is moderately lipid soluble and is completely absorbed after oral administration. First-pass hepatic metabolism is significant with production of inactive metabolites. Renal excretion of the unchanged drug is minimal. Elimination half-life is approximately 6 hours.
In contrast to other β-blockers, clinically, labetalol should be considered a peripheral vasodilator that does not cause a reflex tachycardia. BP and systolic vascular resistance decrease after an intravenous dose. Stroke volume (SV) and CO remain unchanged, with HR decreasing slightly. The reduction in BP is dose related, and acutely hypertensive patients usually respond within 3 to 5 minutes after a bolus dose of 100 to 250 μg/kg. However, the more critically ill or anesthetized patients should have their BP titrated beginning with 5-to 10-mg intravenous increments. Reduction in BP may last as long as 6 hours after intravenous dosing.
Summary
β-Adrenergic blockers are first-line agents in the treatment of myocardial ischemia. These agents effectively reduce myocardial work and oxygen demand. There is growing evidence that β-adrenergic-blocking agents may play a significant role in reducing perioperative cardiac morbidity and mortality in noncardiac surgery. 6 
Calcium Channel Blockers
Calcium channel blockers reduce myocardial oxygen demands by depression of contractility, HR, and/or decreased arterial BP. 7 Myocardial oxygen supply may be improved by dilation of coronary and collateral vessels. Calcium channel blockers are used primarily for symptom control in patients with stable angina pectoris. In an acute ischemic situation, calcium channel blockers (verapamil and diltiazem) may be used for rate control in situations when β-blockers cannot be used. The most important effects of calcium channel blockers, however, may be the treatment of variant angina. These drugs can attenuate ergonovineinduced coronary vasoconstriction in patients with variant angina, suggesting protection via coronary dilation. Most episodes of silent myocardial ischemia, which may account for 70% of all transient ischemic episodes, are not related to increases in myocardial oxygen demands (HR and BP) but, rather, intermittent obstruction of coronary flow likely caused by coronary vasoconstriction or spasm. All calcium channel blockers are effective at reversing coronary spasm, reducing ischemic episodes, and reducing NTG consumption in patients with variant or Prinzmetal's angina. Combinations of NTG and calcium channel blockers, which also effectively relieve and possibly prevent coronary spasm, are at present rational therapy for variant angina. β-Blockers may aggravate anginal episodes in some patients with vasospastic angina and should be used with caution. Preservation of CBF with calcium channel blockers is a significant difference from the predominant β-blocker anti-ischemic effects of reducing myocardial oxygen consumption.
Calcium channel blockers have proven effective in controlled trials of stable angina. However, rapid-acting dihydropyridines such as nifedipine may cause a reflex tachycardia, especially during initial therapy, and exacerbate anginal symptoms. Such proischemic effects probably explain why the short-acting dihydropyridine Table 8 -2 Properties of β-Blockers in Clinical Use nifedipine in high doses produced adverse effects in patients with unstable angina. The introduction of long-acting dihydropyridines such as extended-release nifedipine, amlodipine, felodipine, isradipine, nicardipine, and nisoldipine has led to fewer adverse events. These agents should be used in combination with β-blockers. Some patients may have symptomatic relief improved more with calcium channel blockers than with β-blocker therapy.
Calcium Channels
Calcium channels are functional pores in membranes through which calcium flows down an electrochemical gradient when the channels are open. Calcium channels exist in cardiac muscle, smooth muscle, and probably many other cellular membranes. These channels are also present in cellular organelle membranes such as the sarcoplasmic reticulum and mitochondria. Calcium functions as a primary generator of the cardiac action potential and an intracellular second messenger to regulate various intracellular events.
Calcium enters cellular membranes through voltage-dependent channels or receptoroperated channels. The voltage-dependent channels depend on a transmembrane potential for activation (opening). Receptor-operated channels either are linked to a voltage-dependent channel after receptor stimulation or directly allow calcium passage through cell or organelle membranes independent of transmembrane potentials.
There are three types of voltage-dependent channels: the T (transient), L (longlasting), and N (neuronal) channels. The T and L channels are located in cardiac and smooth muscle tissue, whereas the N channels are located only in neural tissue. The T channel is activated at low voltages (−50 mV) in cardiac tissue, plays a major role in cardiac depolarization (phase 0), and is not blocked by calcium antagonists. The L channels are the classic "slow" channels, are activated at higher voltages (−30 mV), and are responsible for phase 2 of the cardiac action potential. These channels are blocked by calcium antagonists.
Calcium channel blockers interact with the L-type calcium channel and are composed of drugs from four different classes: (1) the 1,4-dihydropyridine (DHP) derivatives (nifedipine, nimodipine, nicardipine, isradipine, amlodipine, and felodipine); (2) the phenylalkyl amines (verapamil); (3) the benzothiazepines (diltiazem); and (4) a diarylaminopropylamine ether (bepridil). The L-type calcium channel has specific receptors, which bind to each of the different chemical classes of calcium channel blockers.
Physiologic Effects hemodynamic effects
Systemic hemodynamic effects of calcium channel blockers represent a complex interaction among myocardial depression, vasodilation, and reflex activation of the autonomic nervous system (Table 8-3) .
Nifedipine, like all dihydropyridines, is a potent arterial dilator with few venodilating effects. Reflex activation of the sympathetic nervous system may increase HR. The intrinsic negative inotropic effect of nifedipine is offset by potent arterial dilation, which results in lowering of BP and increase in CO in patients. Dihydropyridines are excellent antihypertensive agents, owing to their arterial vasodilatory effects. Antianginal effects result from reduced myocardial oxygen requirements secondary to the afterload-reducing effect and to coronary vascular dilation resulting in improved myocardial oxygen delivery.
Verapamil is a less potent arterial dilator than the dihydropyridines and results in less reflex sympathetic activation. In vivo, verapamil generally results in moderate vasodilation without significant change in HR, CO, or SV. Verapamil can significantly depress myocardial function in patients with preexisting ventricular dysfunction.
Diltiazem is a less potent vasodilator and has fewer negative inotropic effects compared with verapamil. Studies in patients reveal reductions in SVR and BP, with increases in CO, pulmonary artery wedge pressure, and ejection fraction. Diltiazem attenuates baroreflex increases in HR secondary to NTG and decreases in HR secondary to phenylephrine. Regional blood flow to the brain and kidney increases, whereas skeletal muscle flow does not change. In contrast to verapamil, diltiazem is not as likely to aggravate congestive heart failure, although it should be used carefully in these patients.
Coronary Blood Flow
Coronary artery dilation occurs with the calcium channel blockers with increases in total CBF. Nifedipine is the most potent coronary vasodilator, especially in epicardial vessels, which are prone to coronary vasospasm. Diltiazem is effective in blocking coronary artery vasoconstriction caused by a variety of agents, including α-agonists, serotonin, prostaglandin, and acetylcholine.
Electrophysiologic Effects
Calcium channel blockers exert their primary electrophysiologic effects on tissue of the conducting system that is dependent on calcium for generation of the action potential, primarily at the sinoatrial (SA) and atrioventricular (AV) nodes. They do not alter the effective refractory period of atrial, ventricular, or His-Purkinje tissue. Diltiazem and verapamil exert these electrophysiologic effects in vivo and in vitro, whereas the electrophysiologic depression of the dihydropyridines (nifedipine) is completely attenuated by reflex sympathetic activation. Nifedipine actually can enhance SA and AV node conduction, whereas verapamil and diltiazem slow conduction velocity and prolong refractoriness of nodal tissue.
Amlodipine

Diltiazem Nifedipine Verapamil
Heart rate Nicardipine is a dihydropyridine agent with a longer half-life than nifedipine and with vascular selectivity for coronary and cerebrovascular beds. Nicardipine may be the most potent overall relaxant of vascular smooth muscle among the dihydropyridines. Peak plasma levels are reached 1 hour after oral administration, with bioavailability of 35%. Plasma half-life is 8 to 9 hours. Although the drug undergoes extensive hepatic metabolism with less than 1% of the drug excreted renally, greater renal elimination occurs in some patients. Plasma levels may increase in patients with renal failure; reduction of the dose is recommended in these patients.
Verapamil
Verapamil's structure is similar to that of papaverine. Verapamil exhibits significant first-pass hepatic metabolism, with a bioavailability of only 10% to 20%. One hepatic metabolite, norverapamil, is active and has a potency approximately 20% of that of verapamil. Peak plasma levels are reached within 30 minutes. Bioavailability markedly increases in hepatic insufficiency, mandating reduced doses. Intravenous verapamil achieves hemodynamic and dromotropic effects within minutes, peaking at 15 minutes and lasting up to 6 hours. Accumulation of the drug occurs with prolonged half-life during long-term oral administration.
Diltiazem
After oral dosing, the bioavailability of diltiazem is greater than that of verapamil, varying between 25% and 50%. Peak plasma concentration is achieved between 30 and 60 minutes, and elimination half-life is 2 to 6 hours. Protein binding is approximately 80%. As with verapamil, hepatic clearance is flow dependent and major hepatic metabolism occurs with metabolites having 40% of the clinical activity of diltiazem. Hepatic disease may require decreased dosing, whereas renal failure does not affect dosing.
Significant Adverse Effects
Most significant adverse hemodynamic effects can be predicted from the calcium channel blockers' primary effects of vasodilation and negative inotropy, chronotropy, and dromotropy. Hypotension, heart failure, bradycardia and asystole, and AV nodal block have occurred with calcium channel blockers. These side effects are more likely to occur with combination therapy with β-blockers or digoxin, in the presence of hypokalemia.
Summary
Calcium antagonists provide excellent symptom control in patients with unstable angina. In the absence of β-adrenergic blockade, the short-acting dihydropyridine nifedipine may increase the risk of myocardial infarction or recurrent angina. When β-adrenergic blockers cannot be used, and HR slowing is indicated, verapamil and diltiazem may offer an alternative. 8 
Drug therApy FOr systemic hypertensiOn
Systemic hypertension, long recognized as a leading cause of cardiovascular morbidity and mortality, accounts for enormous health-related expenditures. Nearly a fourth of the U.S. population has hypertensive vascular disease; however, 30% of these individuals are unaware of their condition and another 30% to 50% are inadequately treated. On a worldwide basis, nearly 1 billion individuals are hypertensive. Hypertension management comprises the most common reason underlying adult visits to primary care physicians, and antihypertensive drugs are the most prescribed medication class.
The Seventh Report of the Joint National Committee on Prevention, Detection, Evaluation, and Treatment of High Blood Pressure (JNC-7 Report) defined systolic BPs (Table 8-4) exceeding 140 mm Hg and diastolic BPs exceeding 90 mm Hg as stage 1 hypertension. BPs less than 120/80 mm Hg were defined as normal and those in between as consistent with "prehypertension." 9 Risk for cardiovascular disease appears to increase at BPs exceeding 115/75 mm Hg, with a doubling in risk associated with each 20/10-mm Hg increment in systemic pressure. Thus, the most recent JNC-7 report recommends drug therapy for "prehypertensive" disease in patients with "compelling indications," such as chronic renal disease or diabetes. Antihypertensive therapy generally is targeted to achieve systemic BPs of less than 140/90 mm Hg; however, for high-risk patients such as those with diabetes or renal or cardiovascular disease, lower BP targets are suggested, typically less than 130/80 mm Hg.
Medical Treatment for Hypertension
More than 80 distinct medications are marketed for treatment of hypertension (Table  8-5) . Often, combined therapy with two or more classes of antihypertensive medications may be needed to achieve treatment goals (Table 8 -6) . Although the specific drug selected for initial therapy now has been deemed less important than in the past, recognition that specific antihypertensive drug classes alleviate end-organ damage, beyond that simply associated with reductions in systemic BP, has led to targeted selection of antihypertensive drug combinations on the basis of coexisting risk factors such as recent myocardial infarction, chronic renal insufficiency, or diabetes. 10 
Management of Severe Hypertension
For purposes of characterizing treatment urgency, severe hypertension is characterized as either a hypertensive emergency with target organ injury (e.g., myocardial ischemia, stroke, pulmonary edema) or a hypertensive urgency with severe elevations in BP not yet associated with target organ damage. Chronic elevations in BP, even when of a severe nature, do not necessarily require urgent intervention and often may be managed with oral antihypertensive therapy on an outpatient basis. In contrast, a hypertensive emergency 2.5 to 80 1 to 2 CCB = calcium channel blocker. *In some patients treated once daily, the antihypertensive effect may diminish toward the end of the dosing interval (trough effect). BP should be measured just before dosing to determine if satisfactory BP control is obtained. Accordingly, an increase in dosage or frequency may need to be considered. These dosages may vary from those listed in the Physicians' Drug Reference, 51st ed.
†Available now or soon to become available in generic preparations. necessitates immediate therapeutic intervention, most often in an intensive care setting, with intravenous antihypertensive therapy and invasive arterial BP monitoring. In the most extreme cases of malignant hypertension, severe elevations in BP may be associated with retinal hemorrhages, papilledema, and evidence of encephalopathy, which may include headache, vomiting, seizure, and/or coma. Progressive renal failure and cardiac decompensation are additional clinical features characteristic of the most severe hypertensive emergencies. The favored parenteral drug for rapid treatment of hypertensive emergencies remains sodium nitroprusside (Table 8-7 ). An NO donor, sodium nitroprusside induces arterial and venous dilation, providing rapid and predictable reductions in systemic BP. Prolonged administration of large doses may be associated with cyanide or thiocyanate toxicity; however, this is rarely a concern in the setting of acute hypertensive emergencies. Although less potent and predictable than sodium nitroprusside, NTG, another NO donor, may be preferable in the setting of myocardial ischemia or after coronary artery bypass grafting (CABG). NTG preferentially dilates venous capacitance beds as opposed to arterioles; however, rapid onset of tolerance limits the efficacy of sustained infusions to maintain BP control. Nicardipine, a parenteral dihydropyridine calcium channel blocker, and fenoldopam, a selective dopamine-1 (D 1 )-receptor antagonist, have been utilized increasingly in select patient populations after CABG and in the setting of renal insufficiency, respectively. 11 Several drugs remain available for intermittent parenteral administration in the setting of hypertensive emergencies or urgencies. Hydralazine, labetalol, and esmolol provide additional therapeutic options for intermittent parenteral injection for hypertensive control.
phArmAcOtherApy FOr Acute AnD chrOnic heArt FAiLure Chronic heart failure is one major cardiovascular disorder that continues to increase in incidence and prevalence, both in the United States and worldwide. It affects nearly 5 million persons in the United States, and roughly 550,000 new cases are diagnosed each year. 12 Currently, 1% of those 50 to 59 years of age and 10% of individuals older than 80 have heart failure. Because heart failure is primarily a disease of the elderly, its prevalence is projected to increase twofold to threefold over the next decade, as the median age of the U.S. population continues to increase. The increasingly prolonged survival of patients with various cardiovascular disorders that culminate in ventricular dysfunction (e.g., patients with coronary artery disease are living longer rather than dying acutely with myocardial infarction) further compounds the heart failure epidemic. Despite improvements in the understanding of the neurohormonal mechanisms underlying its pathophysiology and remarkable advances made in pharmacologic therapy, heart failure continues to cost the United States an estimated $38 billion annually in medical expenditures, and it contributes to approximately 250,000 deaths per year. Given the public health impact of the disease and the rapid pace of therapeutic advances, it is essential that the perioperative physician remain aware of contemporary clinical practice for the benefit of those patients with chronic heart failure presenting to the operating room or intensive care unit.
Heart Failure Classification
The ACC/AHA updated guidelines for evaluating and managing heart failure include a new, four-stage classification system emphasizing both the evolution and progression of the disease (Box 8-5). It calls attention to patients with preclinical stages of heart failure to focus on halting disease progression. The staging system is meant to complement, not replace, the widely used New York Heart Association (NYHA) classification, a semiquantitative index of functional classification that categorizes patients with heart failure by the severity of their symptoms. The NYHA classification remains useful clinically because it reflects symptoms, which in turn correlate with quality of life and survival. The new classification system for heart failure, recognizing its progressive course and identifying those who are at risk, reinforces the importance of determining the optimal strategy for neurohormonal antagonism in an attempt to improve the natural history of the syndrome.
Heart failure remains the final common pathway for coronary artery disease, hypertension, valvular heart disease, and cardiomyopathy, in which the natural history results in symptomatic or asymptomatic left ventricular dysfunction. The neurohormonal responses to impaired cardiac performance (salt and water retention, vasoconstriction, sympathetic stimulation) are initially adaptive but, if sustained, become maladaptive, resulting in pulmonary congestion and excessive afterload. This, in turn, leads to a vicious cycle of increases in cardiac energy expenditure and worsening of pump function and tissue perfusion (Table 8 -8) . Although the cardiorenal and cardiocirculatory branches of this neurohormonal hypothesis of heart failure were the original foundation for the use of diuretics, vasodilators, and inotropes, respectively, seminal information in the early 1990s emerged from large, randomized clinical trials that showed angiotensin-converting enzyme (ACE) inhibitors and angiotensin receptor blockers, but not most other vasodilators, prolonged survival in patients with heart failure. In a similar fashion, the use of β-blockers, despite their negative inotropic effects, improved morbidity and mortality in randomized controlled trials.
The finding that low-dose aldosterone antagonists added to conventional therapy for heart failure reduced mortality in patients with severe heart failure suggests that there is more to the neurohormonal hypothesis of drug efficacy than cardiorenal and hemodynamic effects alone. Taken together with evidence from basic investigations showing that Ang II is a growth factor and a vasoconstrictor, the clinical data promoted a shift in focus from cardiorenal and cardiocirculatory processes toward cardiac remodeling as the central component in the progression of this neurohormonemediated cardiac syndrome. 13 The renin-angiotensin-aldosterone system (RAAS), excess sympathetic activity, endothelin, and various cytokines all have been implicated as stimuli of proliferative signaling that contribute to maladaptive cardiac growth. Stage B Structural heart disease strongly associated with heart failure. No symptoms of heart failure.
Examples Patients with left ventricular hypertrophy or fibrosis, left ventricular dilatation or hypocontractility, asymptomatic valvular heart disease, or previous myocardial infarction.
Treatment Use all preventive measures listed under stage A. ACE inhibitors and/or β-blockers are recommended for patients with recent or remote history of myocardial infarction. Consider the same for patients with reduced ejection fraction, regardless of previous myocardial infarction history. Stage C Structural heart disease with prior or current symptoms of heart failure.
Examples Patients with dyspnea or fatigue due to left ventricular systolic dysfunction; asymptomatic patients who are undergoing treatment for prior symptoms of heart failure.
Treatment Use all measures listed in stage A. Drugs recommended for routine use include loop diuretics, ACE inhibitors, β-blockers, and digitalis. Advise dietary salt restriction. Stage D Advanced structural heart disease. Marked symptoms of heart failure at rest despite maximal medical therapy.
Examples Patients who are often hospitalized for heart failure and who cannot be safely discharged from the hospital; patients in the hospital awaiting heart transplantation; patients at home receiving continuous intravenous support for symptom relief or being supported with a mechanical circulatory assist device; patients in a hospice setting for the management of heart failure. Specialized interventions are required.
Treatment Use all measures listed under Stages A, B, and C. Specialized interventions include mechanical assist devices, heart transplantation, continuous intravenous inotropic infusions for palliation, hospice care. ACE = angiotensin-converting enzyme; LV = left ventricular. β-Blockers are relatively contraindicated in patients with bronchospastic pulmonary disease. Adapted from permission from Clinical update: New guidelines for evaluating and managing heart failure. Women's Health in Primary Care 5 (2) Accordingly, ventricular remodeling, or the structural alterations of the heart in the form of dilatation and hypertrophy (Box 8-6), in addition to the counterregulatory hemodynamic responses, lead to progressive ventricular dysfunction and represent the target of current therapeutic interventions ( Fig. 8-2 ).
Pathophysiologic Role of the ReninAngiotensin System in Heart Failure
The renin-angiotensin system (RAS) is one of several neuroendocrine systems that are activated in patients with heart failure. The RAS is also an important mediator in the progression of heart failure. In the short term, the juxtaglomerular cells of the kidney release the proteolytic enzyme renin in response to a decrease in BP or renal perfusion (e.g., hemorrhage) generating Ang I from circulating angiotensinogen. ACE cleavage of Ang II from Ang I in the lung produces circulating Ang II. Acutely, Ang II acts as a potent arteriolar and venous vasoconstrictor to return BP and filling pressure to baseline, respectively. Ang II also stimulates the release of aldosterone from the adrenal cortex and antidiuretic hormone from the posterior pituitary. Both contribute to increases in blood volume through their effects on the kidney to promote salt and water reabsorption, respectively. In the long term, elevations in Ang II lead to sodium and fluid retention and increases in systemic vascular resistance, which contribute to symptoms of heart failure, pulmonary congestion, and hemodynamic decompensation (Fig. 8-3) .
In addition to these cardiorenal and cardiocirculatory effects, most of the hormones and receptors of the RAS are expressed in the myocardium, where they contribute to maladaptive growth or remodeling, a key factor in the progression of heart failure. Increased expression of mRNA for angiotensinogen, ACE, and Ang II has been identified in the failing human heart. Correspondingly, increased coronary sinus Ang II concentrations were measured in patients with dilated and ischemic cardiomyopathy, signifying a paracrine or autocrine action of the RAS. Moreover, progressive increases in coronary sinus Ang II production correlated with increases in NYHA functional classification of heart failure. Taken together, these data provide evidence that intracardiac RAS is involved in the evolution of the disease process.
The effects of Ang II on its receptors AT 1 and AT 2 are well appreciated. The AT 1 receptor is involved in several effects that lead to adverse cardiovascular outcomes. Activation of AT 1 receptors promotes aldosterone and vasopressin secretion with concomitant increases in salt and water reabsorption through the kidneys, vasoconstriction, catecholamine release, and cell growth and proliferation of cardiovascular tissue. Stimulation of AT 2 receptors, on the other hand, results in natriuresis, vasodilation, release of bradykinin and NO, and cell growth inhibition or apoptosis. The Ang II that is formed locally in the heart acts primarily through AT 1 receptors located on myocytes and fibroblasts where it participates in the regulation of cardiac remodeling. Through complex cascades of intracellular signal transduction that activate protein transcription factors within the nucleus initiating the creation of RNA transcripts, the long-term effects of intracardiac Ang II on the AT 1 receptor result in cardiomyocyte hypertrophy, fibroblast proliferation, and extracellular matrix deposition (Fig. 8-4 ). These processes contribute to progressive left ventricular remodeling and left ventricular dysfunction characteristic of heart failure.
Angiotensin-Converting Enzyme Inhibitors clinical evidence
Evidence supporting the beneficial use of ACE inhibitors in patients with heart failure comes from various randomized, placebo-controlled clinical trials (Table 8-9 ). Initially this class of drugs was evaluated for treatment of symptomatic heart failure (SOLVD, V-HeFT, CONSENSUS). Patients with NYHA class II to IV heart failure treated with ACE inhibitors had reductions in mortality ranging from 16% to 31%. Subsequently, ACE inhibitors were also found to improve outcome for asymptomatic patients with left ventricular systolic dysfunction in the following categories: patients with ejection fractions less than 35% due to cardiomyopathy, patients within 2 weeks after myocardial infarction with ejection fractions less than 40%, and patients presenting within the first 24 hours of myocardial infarction regardless of ejection fraction. Results from the Heart Outcomes Prevention Evaluation (HOPE) study have further expanded the indications for this class of agents to include asymptomatic, high-risk patients to prevent new-onset heart failure. 14 In patients with diabetes or peripheral vascular disease and an additional atherosclerotic risk factor, but without clinical heart failure or systolic dysfunction, ramipril (10 mg/day) reduced the heart failure risk by 23%. Together, these data endorse the use of ACE inhibitors as first-line therapy for a broad spectrum of patients, including those with left ventricular systolic dysfunction, with or without symptoms, and in high-risk patients with vascular disease and/or diabetes, in addition to those with the traditional coronary risk factors. Since the beginning of these trials, the rationale for the use of ACE inhibitors has expanded from a reduction in the progression of clinical heart failure through ACE inhibitor-mediated vasodilatory action to acknowledgment that ACE inhibitors also directly affect the cellular mechanisms responsible for progressive myocardial pathology.
mechanisms of action
ACE inhibitors act by inhibiting one of several proteases responsible for cleaving the decapeptide, Ang I, to form the octapeptide Ang II. Because ACE is also the enzyme that degrades bradykinin, ACE inhibitors lead to increased circulating and tissue levels of bradykinin (Fig. 8-5 ). ACE inhibitors have several useful effects in chronic heart failure. They are potent vasodilators through decreasing Ang II and norepinephrine and increasing bradykinin, NO, and prostacyclin. By reducing the secretion of aldosterone and antidiuretic hormone (ADH), ACE inhibitors also reduce salt and water reabsorption ACE inhibitors attenuate insulin resistance, a common metabolic abnormality in heart failure patients, independent of Ang II activity. Ang II receptor antagonists do not attenuate insulin resistance. Both ACE inhibitors and angiotensin-receptor blockers have been shown to reduce proteinuria, and slow the progression to renal failure in hypertensives (and a common comorbidity in heart failure patients).
Angiotensin II Receptor Blockers for Heart Failure pathophysiology/mechanism of action
Although ACE inhibitors reduce mortality, many patients will not tolerate their side effects. ACE inhibitors incompletely antagonize Ang II. These factors have prompted the development of specific Ang II receptor blockers in the pharmacologic treatment of heart failure. Non-ACE-generated Ang II within the myocardium contributes to left ventricular remodeling and progression of heart failure through AT 1 receptor effects. Selective AT 1 blockers prevent Ang II from acting on the cell, preventing vasoconstriction, sodium retention, and release of norepinephrine and delaying or preventing left ventricular hypertrophy and fibrosis. AT 2 receptors remain unaffected, and their actions, including NO release, remain intact. 15 
clinical practice
Angiotensin-receptor blockers may be used as alternatives to ACE inhibitors for the treatment of patients with symptomatic heart failure if there are side effects to ACE inhibitors (e.g., persistent cough, angioedema, hyperkalemia, or worsening renal dysfunction) or persistent hypertension despite ACE inhibitors and β-blockers. Because ARBs do not affect bradykinin levels, cough and angioedema are rare side effects. 
Aldosterone Receptor Antagonists
Aldosterone, a mineralocorticoid, is another important component of the neurohormonal hypothesis of heart failure. Although it was previously assumed that treatment with an ACE inhibitor (or ARB) would block the production of aldosterone in patients with heart failure, elevated levels of aldosterone have been measured despite inhibition of Ang II. Adverse effects of elevated aldosterone levels on the cardiovascular system include sodium retention, potassium and magnesium loss, ventricular remodeling (e.g., collagen production, myocyte growth, and hypertrophy), myocardial norepinephrine release, and endothelial dysfunction.
clinical evidence
Two large-scale trials have demonstrated improved outcomes with aldosteronereceptor antagonism in chronic heart failure. The Randomized Aldactone Evaluation Study (RALES), conducted in more than 1600 symptomatic heart failure (e.g., stage C, NYHA III-IV) patients, showed the efficacy of spironolactone (26 mg/day) (in combination with standard therapy: ACE inhibitor, loop diuretic with or without digoxin and a β-blocker). Eplerenone is a new aldosterone antagonist that lacks some of spironolactone's common side effects. The Eplerenone Post-acute Myocardial Infarction Heart Failure Efficacy and Survival Study (EPHSUS), conducted in more than 6600 patients with symptomatic heart failure within 3 to 14 days after myocardial infarction, showed that eplerenone (25 to 50 mg/day) in combination with ACE inhibitor, loop diuretic, and β-blocker reduced all-cause mortality (P = .008), death from cardiovascular causes (P = .0002), and hospitalization for cardiovascular events. 16, 17 β-Adrenergic Receptor Antagonists
Sympathetic Nervous System Activation and Its Role in the Pathogenesis of Heart Failure
Activation of the sympathetic nervous system (SNS) (e.g., after myocardial infarction or with long-standing hypertension), much like increases in RAS activity, contributes to the pathophysiology of heart failure. In brief, SNS activation leads to pathologic left ventricular growth and remodeling. Myocytes thicken and elongate, with eccentric hypertrophy and increases in sphericity. Wall stress is increased by this architecture, promoting subendocardial ischemia, cell death, and contractile dysfunction. There is downregulation of calcium regulatory proteins, including sarcoplasmic reticulum calcium ATPase, and impairment of contractility and relaxation. The activated SNS can also be harmful to myocytes directly through programmed cell death. As myocytes are replaced by fibroblasts, the heart function deteriorates from this "remodeling." The threshold for arrhythmias may also be lowered, contributing in a vicious, deteriorating cycle.
How β-Adrenergic Receptor Blockers Influence the Pathophysiology of Heart Failure
In chronic heart failure, the beneficial effects of long-term β-blockade include improved systolic function and myocardial energetics and reversal of pathologic remodeling. A shift in substrate utilization from free fatty acids to glucose, a more efficient fuel in the face of myocardial ischemia, may partly explain the improved energetics and mechanics in the failing heart treated with β-blockade. Heart rate, a major determinant of myocardial oxygen consumption, is reduced by β 1 -receptor blockade.
clinical evidence
The use of β-blockers in patients with heart failure was initially accepted with skepticism related to the perceived risk of decompensation from transient negative inotropic effects. However, data from both human and animal studies have shown that β-blockers improve energetics and ventricular function and reverse pathologic chamber remodeling. Although this beneficial biologic process takes 3 months or more to manifest, it translates into improved outcomes (reduced deaths and hospitalizations) in patients with heart failure. The available randomized trials show that metoprolol CR/XL, bisoprolol, and carvedilol (in conjunction with ACE inhibitors) reduce morbidity (hospitalizations) in symptomatic, stage C and D (not in cardiogenic shock) heart failure patients (NYHA II-IV class). β-Blockers are classified as being first-, second-, or third-generation drugs based on specific pharmacologic properties. First-generation agents, such as propranolol and timolol, block both β 1 -and β 2 -adrenoreceptors, are considered nonselective, and have no ancillary properties. Second-generation agents, such as metoprolol, bisoprolol, and atenolol, are specific for the β 1 -adrenoreceptor subtype but lack additional mechanisms of cardiovascular activity. Third-generation agents, such as bucindolol, carvedilol, and labetalol, block both β 1 -and β 2 -adrenoreceptors as well as possessing vasodilatory and other ancillary properties. Specifically, labetalol and carvedilol produce vasodilation by α 1 -adrenoreceptor antagonism.
clinical practice
Current evidence suggests that β-blockers should be given to all heart failure patients with reduced ejection fraction (<0.40) who are stabilized on oral medications including ACE inhibitors and diuretics, unless there is a contraindication. This recommendation is endorsed by the ACC/AHA and the European Society of Cardiology. Specifically, long-term β-blockade is advocated in stage B-D heart failure patients in addition to ACE inhibition to limit disease progression and reduce mortality. Patients with ongoing decompensation (e.g., requiring intravenous inotropic or vasodilator therapy), overt fluid retention, or symptomatic hypotension should not receive β-blockers. There is no apparent decline in safety or efficacy when β-blockers are given to diabetics with heart failure. The long-term benefit of β-blocker therapy in patients with coexisting chronic obstructive pulmonary disease is uncertain, because these patients have been excluded from the major clinical trials.
The three agents with clinical trial evidence for improved morbidity and mortality in patients with heart failure are carvedilol, metoprolol CR/XL, and bisoprolol. 18 Starting doses of β-blockers should be small to minimize worsening of heart failure symptoms, hypotension, and bradycardia. The dose should be doubled every 1 to 2 weeks, as tolerated, until target doses shown to be effective in large trials are achieved. Although it is recommended that β-blocker therapy be continued indefinitely in patients with heart failure, if it is to be electively stopped, a slow downtitration is preferred. Acute withdrawal of β-blocker therapy in the face of high adrenergic tone may result in sudden cardiac death. The adverse effects of β-blocker therapy include fatigue, dizziness, hypotension, and bradycardia. Because the absolute risk of adverse events is small compared with the overall risk reduction of cardiovascular death, few patients have been withdrawn from β-blocker therapy.
Adjunctive Drugs
In addition to ACE inhibitors and β-blockers, diuretics and digoxin are often prescribed for patients with left ventricular systolic dysfunction and symptomatic heart failure.
Diuretics
For most patients, volume status should be optimized before introduction of β-blockers and ACE inhibitors. Patients with pulmonary congestion often will require a loop diuretic in addition to standard therapy. Diuretics relieve dyspnea, decrease heart size and wall stress, and correct hyponatremia of volume overload. However, overly aggressive and especially unmonitored diuretic therapy can lead to metabolic abnormalities, intravascular depletion, hypotension, and neurohormonal activation.
Digoxin
Digoxin continues to be useful for patients with symptomatic heart failure and left ventricular systolic dysfunction despite receiving ACE inhibitor, β-blocker, and diuretic therapy. Digoxin is the only positive inotropic drug approved for the management of chronic heart failure. Its indirect mechanism of positive inotropy begins with inhibition of the myocardial sarcolemmal Na + -K + ATPase, resulting in increased intracellular Na + . This, in turn, prompts the Na + /Ca 2+ exchanger to extrude Na + from the cell, increasing intracellular Ca 2+ . The increased Ca 2+ now available to the contractile proteins increases contractile function. Besides its inotropic effects, digoxin has important vagotonic and sympatholytic effects. In atrial fibrillation, digoxin slows the rate of conduction at the AV node. In heart failure patients it reduces sympathetic efferent nerve activity to the heart and peripheral circulation through direct effects on the carotid sinus baroreceptors. Digoxin increases HR variability, an additional beneficial action on autonomic function in the patient with heart failure. Although these properties are beneficial in controlling the ventricular rate in atrial fibrillation, digoxin has only a narrow therapeutic/toxicity ratio. Digoxin toxicity is dose dependent and modified by concurrent medications (non-potassium-sparing diuretics) or conditions (renal insufficiency, myocardial ischemia). Ventricular arrhythmias consequent to digoxin toxicity may be caused by calcium-dependent afterpotentials. In patients with intoxication and life-threatening arrhythmias, purified anti-digoxin FAB fragments from digoxinspecific antisera provide a specific antidote.
The efficacy of digoxin for symptomatic heart failure was shown in randomized, controlled trials. The Digitalis Investigators Group (DIG) trial, enrolling more than 6500 patients with an average follow-up of 37 months, showed that digoxin reduced the incidence of heart failure exacerbations. Although the study showed no difference in survival in patients with an ejection fraction less than 45% receiving either digoxin or placebo, the combined endpoint of death or hospitalization for heart failure was significantly reduced in patients who received digoxin (27% vs. 35%; relative risk, 0.72; 95% confidence interval, 0.66 to 0.79). Efficacy of digoxin in patients with mildly symptomatic heart failure was shown in pooled results from the Prospective Randomized Study of Ventricular Function (PROVED) and the Randomized Assessment of Digoxin and Inhibitors of Angiotensin-Converting Enzyme (RADIANCE) trials. Patients randomized to digoxin withdrawal had an increased likelihood of treatment failure compared with those who continued to receive digoxin, suggesting that patients with left ventricular systolic dysfunction benefit from digoxin (or, at least, do not benefit from digoxin withdrawal), even when they have only mild symptoms. Accordingly, digoxin is recommended for symptomatic heart failure unless contraindicated. Together with ACE inhibitors, β-blockers, and diuretics, digoxin should be added to the therapeutic armamentarium. Ideally, serum digoxin concentration should remain between 0.7 and 1.1 ng/mL. In the elderly patient with renal insufficiency, severe conduction abnormalities, or acute coronary syndromes, even a low dose of 0.125 mg/day should be used with extra caution. 19 
Future Therapy
Among the promising nonpharmacologic therapies for the management of heart failure are the implantable defibrillators and biventricular pacemakers. In the COM-PANION trial (The Comparison of Medical Therapy, Pacing, and Defibrillation in Heart Failure), cardiac resynchronization therapy with a pacemaker combined with an implantable defibrillator significantly decreased the likelihood of death from or hospitalization for heart failure when compared with conventional pharmacologic therapy. 20 Stem cell therapy is another potential treatment of heart failure. Stem cell therapy has shown promise in the treatment of ischemic heart disease both in the laboratory and in small clinical studies. Autologous bone marrow and peripheral blood stem cells transplanted in patients with acute myocardial infarction improved cardiac function. However, until double-blind, randomized controlled trials are performed, the true benefit of this innovative treatment remains unknown.
Management of Acute Exacerbations of Chronic Heart Failure
Patients with chronic heart failure, despite good medical management, may experience episodes of pulmonary edema or other signs of acute volume overload. These patients may require hospitalization for intensive management if diuretics fail to relieve their symptoms. Other patients may experience exacerbations of heart failure associated with acute myocardial ischemia or infarction, worsening valvular dysfunction, infections (including myocarditis), or failure to maintain an established drug regimen. Fonarow and associates described a risk stratification system for in-hospital mortality in acutely decompensated heart failure using data from a national registry. Low-, intermediate-, and high-risk patients with mortality ranging from 2.1% to 21.9% were identified using blood urea nitrogen, creatinine, and systolic BP on admission. These patients will require all the standard medications, as outlined in previous sections, and may also require infusions of vasodilators or positive inotropic drugs. 21 
Vasodilators
Intravenous vasodilators have long been used to treat the symptoms of low CO in patients with decompensated chronic heart failure. In general, vasodilators reduce ventricular filling pressures and SVR while increasing SV and CO. NTG is commonly used for this purpose and has been studied in numerous clinical trials. It is often initially effective at relatively small doses (20 to 40 μg/min) but frequently requires progressively increasing doses to counteract tachyphylaxis. NTG is associated with dose-dependent arterial hypotension.
Nesiritide
Brain natriuretic peptide (BNP) is a 32-amino acid peptide that is mainly secreted from the cardiac ventricles. Physiologically, BNP functions as a natriuretic and diuretic. It also serves as a counterregulatory hormone to Ang II, norepinephrine, and endothelin by decreasing the synthesis of these agents and by direct vasodilation.
As the clinical severity of heart failure increases, the concentrations of BNP in blood also increase. As a result, measurements of BNP in blood have been used to evaluate new onset of dyspnea (to distinguish between lung disease and heart failure). BNP concentrations in blood increase with decreasing left ventricular ejection fraction; therefore, measurements of this mediator have been used to estimate prognosis. BNP concentrations decline in response to therapy with ACE inhibitors, Ang II antagonists, and aldosterone antagonists.
In addition, recombinant BNP has been released as a drug (nesiritide) indicated for patients with acute heart failure and dyspnea with minimal activity. Nesiritide produces arterial and venous dilatation through increasing cGMP. Nesiritide does not increase HR and has no effect on cardiac inotropy. It has a rapid onset of action and a short elimination half-life (15 minutes). In clinical studies, loading doses have ranged from 0.25 to 2 μg/kg and maintenance doses have ranged from 0.005 to 0.03 μg/kg/min. Studies have shown that nesiritide reduces symptoms of acute decompensated heart failure similarly to NTG, without development of acute tolerance. Patients receiving nesiritide experienced fewer adverse events than those receiving NTG. However, the mortality rate at 6 months was higher in the patients receiving nesiritide than in the NTG group. 22 Compared with dobutamine, nesiritide was associated with fewer instances of ventricular tachycardia or cardiac arrest.
Inotropes
Positive inotropic drugs, principally dobutamine or milrinone, have long been used to treat decompensated heart failure, despite the lack of data showing an outcome benefit to their use. In the past, some chronic heart failure patients would receive intermittent infusions of positive inotropic drugs as part of their maintenance therapy. Small studies consistently demonstrate improved hemodynamic values and reduced symptoms after administration of these agents to patients with heart failure. Studies comparing dobutamine to milrinone for advanced decompensated heart failure showed large differences in drug costs, favoring dobutamine, and only small hemodynamic differences, favoring milrinone.
Nevertheless, placebo-controlled studies suggest that there may be no role whatsoever for discretionary administration of positive inotropes to patients with chronic heart failure. In one study, 951 hospitalized patients with decompensated chronic heart failure who did not require intravenous inotropic support were assigned to receive a 48-hour infusion of either milrinone or saline. Meanwhile, all patients received ACE inhibitors and diuretics as deemed necessary. Total hospital days did not differ between groups; however, those receiving milrinone were significantly more likely to require intervention for hypotension or to have new atrial arrhythmias. A subanalysis of these results found that patients suffering from ischemic cardiomyopathy were particularly subject to adverse events from milrinone (a 42% incidence of death or rehospitalization versus 36% for placebo). At the present, positive inotropic drug support can be recommended only when there is no alternative. Thus, dobutamine and milrinone continue to be used to treat low CO in decompensated heart failure, but only in selected patients. 23 
Alternate Therapies
When drug treatment proves unsuccessful, heart failure patients may require invasive therapy, including ventricular assist devices, biventricular pacing, coronary artery bypass with or without surgical remodeling, or even cardiac orthotopic transplantation.
Low-Output Syndrome
Acute heart failure is a frequent concern of the cardiac anesthesiologist, particularly at the time of separation from cardiopulmonary bypass (CPB). The new onset of ventricular dysfunction and a low CO state after aortic clamping and reperfusion is a condition with more pathophysiologic similarity to cardiogenic shock than to chronic heart failure and is typically treated with positive inotropic drugs, vasopressors (or vasodilators), if needed, and/or mechanical assistance. The latter more commonly takes the form of intra-aortic balloon counterpulsation and less commonly includes one of the several available ventricular assist devices.
Causes
Most patients undergoing cardiac surgery with CPB experience a temporary decline in ventricular function, with a recovery to normal function in a period of roughly 24 hours. Thus, pathophysiologic explanations must acknowledge the (usual) temporary nature of the low-output syndrome after CPB. Most likely, this results from one of three processes, all related to inadequate oxygen delivery to the myocardium: acute ischemia, hibernation, or stunning. All three processes would be expected to improve with adequate revascularization and moderate doses of positive inotropic drugs, consistent with the typical progress of the cardiac surgery patient. All three processes would be expected to be more troublesome in patients with preexisting chronic heart failure, pulmonary hypertension, or arrhythmias.
Risk Factors for the Low-Output Syndrome after Cardiopulmonary Bypass
The need for inotropic drug support after CPB can often be anticipated based on data available in the preoperative medical history, physical examination, and imaging studies. In a series of consecutive patients undergoing elective CABG, it was observed that increasing age, decreasing left ventricular ejection fraction, female sex, cardiac enlargement (on the chest radiograph), and prolonged duration of CPB were all associated with an increased likelihood that the patient would be receiving positive inotropic drugs on arrival in the intensive care unit. Similarly, in a study of patients undergoing cardiac valve surgery, it was found that increasing age, reduced left ventricular ejection fraction, and the presence of CAD all increased the likelihood that a patient would receive positive inotropic drug support.
Specific Drugs for Treating the Low-Output Syndrome
Whereas all positive inotropic drugs increase the strength of contraction in noninfarcted myocardium, mechanisms of action differ. These drugs can be divided into those that increase cyclic adenosine monophosphate (cAMP) (directly or indirectly) for their mechanisms of action and those that do not. The agents that do not depend on cAMP form a diverse group, including cardiac glycosides, calcium salts, calcium sensitizers, and thyroid hormone. In contrast to chronic heart failure, cardiac glycosides are not used for this indication, owing to their limited efficacy and narrow margin of safety. Calcium salts continue to be administered for ionized hypocalcemia and hyperkalemia, which are common occurrences during and after cardiac surgery. Increased Ca 2+ in buffer solutions bathing cardiac muscle in vitro unquestionably increase inotropy. Calcium sensitizers, specifically levosimendan, function by binding to troponin C in a calcium-dependent fashion. Thus, levosimendan does not impair diastolic function because its affinity for troponin C declines with Ca 2+ during diastole. Although several reports have described the successful use of levosimendan in patients recovering from CABG, clinical experience with this agent remains limited and there is no consensus as to how and when this agent should be used, relative to other, better established agents. 24 Intravenous thyroid hormone (T 3 , or liothyronine) has been studied extensively as a positive inotrope in cardiac surgery. There are multiple studies supporting the existence of euthyroid "sick" syndrome with persistent reduced concentrations of T 3 in blood after cardiac surgery in both children and adults. There are also data suggesting that after ischemia and reperfusion, T 3 
The cAMP-dependent agents form the mainstays of positive inotropic drug therapy after cardiac surgery. There are two main classes of agents: the phosphodiesterase (PDE) inhibitors and the β-adrenergic receptor agonists. There are many different phosphodiesterase inhibitors in clinical use around the world, including enoximone, inamrinone, milrinone, olprinone, and piroximone. Comparisons among the agents have failed to demonstrate important hemodynamic differences. Reported differences relate to pharmacokinetics and rare side effects, typically observed with chronic oral administrations during clinical trials. All members of the class produce rapid increases in contractile function and CO and decreases in SVR. The effect on BP is variable, depending on the pretreatment state of hydration and hemodynamics; nevertheless, the typical response is a small decrease in BP. There is either no effect on HR or a small increase. Inamrinone and milrinone have been shown to be effective, first-line agents in patients with reduced preoperative left ventricular function. Milrinone, the most commonly used member of the class, is most often dosed at a 50-μg/kg loading dose and 0.5-μg/kg/min maintenance infusion. It is often given in combination with a β-adrenergic receptor agonist.
Among the many β-adrenergic receptor agonists, the agents most often given to patients recovering from cardiac surgery are dopamine, dobutamine, and epinephrine. Dopamine has long been assumed to have dose-defined receptor specificity. At small doses (0.5 to 3 μg/kg/min), it is assumed to have an effect mostly on dopaminergic receptors. At intermediate doses, β-adrenergic effects are said to predominate; and at doses of 10 μg/kg/min or greater, α-adrenergic receptor effects predominate. Nevertheless, the relationship between dose and blood concentration is poorly predictable. Dopamine is a relatively weak inotrope that has a predominant effect on HR rather than on SV.
Dobutamine is a selective β-adrenergic receptor agonist. Most studies suggest that it causes less tachycardia and hypotension than isoproterenol. It has been frequently compared with dopamine, where dobutamine's greater tendency for pulmonary and systemic vasodilation is evident. Dobutamine has a predominant effect on HR, compared with SV, and as the dose is increased more than 10 μg/kg/min there are further increases in HR without changes in SV.
Epinephrine is a powerful adrenergic agonist, and, like dopamine, demonstrates differing effects depending on the dose. At small doses (10 to 30 ng/kg/min), despite an almost pure β-adrenergic receptor stimulus, there is almost no increase in HR. Clinicians have long assumed that epinephrine increases HR more than dobutamine administered at comparable doses. Nevertheless, in patients recovering from cardiac surgery, the opposite is true: dobutamine increases HR more than epinephrine.
Other β-adrenergic agonists are used in specific circumstances. For example, isoproterenol is often used after cardiac transplantation to exploit its powerful chronotropy and after correction of congenital heart defects to exploit its pulmonary vasodilatory effects. Norepinephrine is exploited to counteract profound vasodilation.
Pharmacologic Treatment of Diastolic Heart Failure
Abnormal diastolic ventricular function is a common cause of clinical heart failure. As many as one in three patients presenting with clinical signs of chronic heart failure has a normal or near-normal ejection fraction (≥40%). The risk of diastolic heart failure increases with age, approaching 50% in patients older than 70 years old. Diastolic heart failure is also more common in females and in patients with hypertension or diabetes mellitus. Although the prognosis of patients with diastolic heart failure is better than for systolic heart failure (5% to 8% vs. 10% to 15% annual mortality, respectively), the complication rate is the same. The 1-year readmission rate for patients with isolated diastolic heart failure approaches 50%.
In contrast to the large randomized trials that have led to the treatment guidelines for systolic heart failure, there are few randomized, double-blind, placebo-controlled, multicenter trials performed in patients with diastolic heart failure. Consequently, the guidelines are based on clinical experience, small clinical studies, and an understanding of the pathophysiologic mechanisms. The general approach to treating diastolic heart failure has three main components. First, treatment should reduce symptoms, primarily by lowering pulmonary venous pressure during rest and exercise by reducing left ventricular volume, maintaining AV synchrony, and increasing the duration of diastole by reducing HR. Second, treatment should target the underlying causes of diastolic heart failure. Specifically, ventricular remodeling should be reversed by controlling hypertension, replacing stenotic aortic valves, and treating ischemia. Third, treatment should target the underlying mechanisms that are altered by the disease processes, mainly neurohormonal activation. Drug treatment of diastolic heart failure with respect to these three goals is shown in Table 8 -10.
Many of the drugs used to treat systolic heart failure are also used to treat diastolic heart failure. However, the reason for their use and the doses used may be different for diastolic heart failure. For instance, in diastolic heart failure β-blockers are used to increase the time of diastolic filling whereas in systolic heart failure, β-blockers are used to reverse heart remodeling (e.g., carvedilol). In fact, metoprolol-CR/XL may be a better β-blocker choice than carvedilol for diastolic heart failure because too low a BP (as a consequence of carvedilol) may be detrimental for the diastolic heart failure patient. Similarly, diuretic and NTG doses for diastolic heart failure are usually much smaller than for systolic heart failure, because the patient with diastolic heart failure is very sensitive to large reductions in preload. Calcium channel blockers are not a part of the armamentarium in the treatment of systolic heart failure but may be beneficial in treating diastolic heart failure through effects on rate control, specifically the long-acting dihydropyridine class of calcium channel blockers. With the exception of rate control in chronic atrial fibrillation, digoxin is not recommended for diastolic heart failure.
Except in the presence of acute diastolic heart failure, positive inotropic and chronotropic agents should be avoided because they may worsen diastolic function by increasing contractile force and HR, or by increasing calcium concentrations in diastole. However, in the short-term management of acute diastolic dysfunction or heart failure (e.g., post CPB), β-adrenergic agonists (e.g., epinephrine) and phosphodiesterase inhibitors (e.g., milrinone) enhance calcium sequestration by the sarcoplasmic reticulum and thereby promote a more rapid and complete myocardial relaxation between beats. 25, 26 
Current Clinical Practice
The pharmacotherapy of heart failure begins with primary prevention of left ventricular dysfunction. Because hypertension and coronary artery disease are leading causes of left ventricular dysfunction, adequate treatment of both hypertension and hypercholesterolemia has been endorsed after encouraging results in prevention trials. Limitation of neurohormonal activation with ACE inhibitors, and possibly β-blockers, should be initiated in diabetic, hypertensive, and hypercholesterolemic patients (AHA/ACC, stage A heart failure) who are at increased risk for cardiovascular events, despite normal contractile function, in order to reduce the onset of new heart failure (HOPE trial). In patients with asymptomatic left ventricular dysfunction (ejection fraction = 40%) (stage B), treatment with ACE inhibitors and β-blockers can blunt the disease progression. In the symptomatic patient with heart failure (stage C), diuretics are titrated to relieve symptoms of pulmonary congestion and peripheral edema and achieve a euvolemic state whereas ACE inhibitors and β-blockers are recommended to blunt disease progression. Although digoxin has no effect on patient survival, it may be considered in stage C if the patient remains symptomatic despite adequate doses of ACE inhibitors and diuretics. In general, the primary treatment objectives for stages A to C heart failure are to (1) improve quality of life, (2) reduce morbidity, and (3) reduce mortality. At this time, the most important factor affecting long-term outcome is blunting of neurohormonal stimulation, because this mediates disease progression. Pharmacologic therapy in stage D, or patients with severe, decompensated heart failure, is based on hemodynamic status to alleviate symptoms with diuretics, vasodilators, and, in palliative circumstances, intravenous inotropic infusions. ACE inhibitors and β-blockers are Table 8 -10 Diastolic Heart Failure Treatments also incorporated in the treatment regimen to retard disease progression through reductions in ventricular enlargement, vascular hypertrophy, and ventricular arrhythmias 27 (Fig. 8-6 ).
phArmAcOtherApy FOr cArDiAc ArrhythmiAs
Perhaps the most widely used electrophysiologic and pharmacologic classification of antiarrhythmic drugs is that proposed by Vaughan Williams (Table 8-11 ). There is, however, substantial overlap in pharmacologic and electrophysiologic effects of specific agents among the classes, and the linkage between observed electrophysiologic effects and the clinical antiarrhythmic effect is often tenuous. 28 
Class I Antiarrhythmic Drugs: Sodium Channel Blockers
Class I drugs have the common property of inhibiting the fast inward depolarizing current carried by sodium ion. Because of the diversity of other effects of the class I drugs, a subgroup of the class has been proposed.
Class IA procainamide
Electrophysiologic effects of procainamide include decreased Vmax and amplitude during phase 0, decreased rate of phase 4 depolarization, and prolonged effective refractory period (ERP) and action potential duration (APD). Clinically, procainamide prolongs conduction and increases the ERP in atrial and His-Purkinje portions of the conduction system, which may prolong PR interval and QRS complex durations.
Procainamide is used to treat ventricular arrhythmias and to suppress atrial premature beats to prevent the occurrence of atrial fibrillation and flutter. It has been very useful for chronic suppression of premature ventricular contractions.
Administered intravenously, procainamide is an effective emergency treatment for ventricular arrhythmias, especially after lidocaine failure, but, recently, amiodarone has become a more popular drug for intravenous suppression of ventricular arrhythmias. 29 Dosage is 100 mg, or approximately 1.5 mg/kg given at 5-minute intervals until the therapeutic effect is obtained or a total dose of 1 g or 15 mg/kg is given (Tables 8-12 and 8-13). Arterial pressure and the ECG should be monitored continuously during loading and administration stopped if significant hypotension occurs or if the QRS complex is prolonged by 50% or more. Maintenance infusion rates are 2 to 6 mg/min to maintain therapeutic plasma concentrations of 4 to 8 μg/mL.
Class IB lidocaine
First introduced as an antiarrhythmic drug in the 1950s, lidocaine has become the clinical standard for the acute intravenous treatment of ventricular arrhythmias except those precipitated by an abnormally prolonged QT interval. Lidocaine may, in fact, be one of the most useful drugs in clinical anesthesia because it has both local and general anesthetic properties, in addition to an antiarrhythmic effect.
The direct electrophysiologic effects of lidocaine produce virtually all of its antiarrhythmic action. Lidocaine depresses the slope of phase 4 diastolic depolarization in Purkinje fibers and increases the ventricular fibrillation threshold. Lidocaine may be ineffective in hypokalemic patients.
Therapeutic plasma levels of lidocaine range from 1.5 to 5 μg/mL; signs of toxicity are frequent with concentrations above 9 μg/mL. An initial bolus dose of 1 to 1.5 mg/kg Table 8 -11 Classification of Antiarrhythmic Drugs should be followed immediately by a continuous infusion of 20 to 50 μg/kg/min to prevent the "therapeutic hiatus" produced by the rapid redistribution half-life of lidocaine. 30 Class II: β-Adrenergic Receptor Antagonists β-Adrenergic receptor blockers are very effective antiarrhythmics in patients during the perioperative period or who are critically ill because many arrhythmias in these patients are adrenergically mediated.
Propranolol
Propranolol was the first major β-receptor-blocking drug to be used clinically. Propranolol is very potent but is nonselective for β 1/ β 2 -receptor subtypes.
The electrophysiologic effects of β-receptor antagonism are decreased automaticity, increased APD, primarily in ventricular muscle, and a substantially increased ERP in the AV node. β-Blockade decreases the rate of spontaneous (phase 4) depolarization in the SA node; the magnitude of this effect depends on the background sympathetic tone. Although resting HR is decreased by β-blockade, the inhibition of the increase of HR in response to exercise or emotional stress is much more marked. Automaticity in the AV node and more distal portions of the conduction system is also depressed. β-Blockade affects the ventricular fibrillation threshold variably, but it consistently reverses the fibrillation threshold-lowering effect of catecholamines.
An appropriate intravenous dose for acute control of arrhythmias is 0.5 to 1.0 mg titrated to therapeutic effect up to a total of 0.1 to 0.15 mg/kg. Stable therapeutic plasma concentrations of propranolol can be obtained with a continuous intravenous infusion. An effective level of β-blockade may be obtained with a continuous infusion approximating 3 mg/hr in adult postoperative patients previously receiving chronic treatment; however, with the availability of esmolol, the need for a propranolol infusion is no longer necessary.
Esmolol
Esmolol is a cardioselective (β 1 ) receptor antagonist with an extremely brief duration of action. In anesthetized dogs, esmolol infused at 50 μg/kg/min produced a steady-state β-blockade that was completely reversed 20 minutes after stopping the infusion. Esmolol has no effect on LVEDP, BP, HR, CO, or SVR; however, at 5 to 60 μg/kg/min, it does decrease left ventricular dP/dt. The decreased contractility, however, fully resolves by 20 minutes after the infusion.
Esmolol is rapidly metabolized in blood by hydrolysis of its methyl ester linkage. Its half-life in whole blood is 12.5 and 27.1 minutes in dogs and humans, respectively. The acid metabolite possesses a slight degree (1500 times less than esmolol) of β-antagonism. Esmolol is not affected by plasma cholinesterase; the esterase responsible is located in erythrocytes and is not inhibited by cholinesterase inhibitors, but it is deactivated by sodium fluoride. Of importance to clinical anesthesia, no metabolic interactions between esmolol and other ester molecules Clinically, in asthmatic patients, esmolol (300 μg/kg/min) only slightly increases airway resistance. Also, in patients with chronic obstructive pulmonary disease who received esmolol, no adverse pulmonary effects occurred. In a multicenter trial, in a comparison with propranolol for the treatment of paroxysmal supraventricular tachycardia (PSVT), esmolol was equally efficacious and had the advantage of a much faster termination of the β-blockade. Esmolol has become a very useful agent in controlling sinus tachycardia in the perioperative period, a time when a titratable and brief β-blockade is highly desirable.
Dosing begins at 25 μg/kg/min and is titrated to effect up to 250 μg/kg/min. Doses higher than this may cause significant hypotension due to reduced CO in patients. Esmolol is especially effective in treating acute onset atrial fibrillation or flutter perioperatively and results in both acute control of the ventricular response and conversion of the arrhythmia back to sinus rhythm. 31 
Class III: Agents That Block Potassium Channels and Prolong Repolarization
Amiodarone
The drug has a wide spectrum of effectiveness, including supraventricular, ventricular, and preexcitation arrhythmias. It may also be effective against ventricular tachycardia and ventricular fibrillation refractory to other treatment. Amiodarone has been approved by the AHA as the first-line antiarrhythmic agent in cardiopulmonary resuscitation. Amiodarone may be effective prophylactically in preventing atrial fibrillation postoperatively. It also can decrease the number of shocks in patients who have implantable cardioverter defibrillators compared with other antiarrhythmic drugs. 32 Amiodarone increases the amount of electric current required to elicit ventricular fibrillation (an increase in ventricular fibrillation threshold). In most patients, refractory ventricular tachycardia is suppressed by acute intravenous use of amiodarone. This effect has been attributed to a selectively increased activity in diseased tissue, as has been seen with lidocaine. Amiodarone also has an adrenergic-receptor (α and β) antagonistic effect produced by a noncompetitive mechanism; the contribution of this effect to the antiarrhythmic action of the drug is not known.
Hemodynamic effects of intravenously administered amiodarone include decreased left ventricular dP/dt, maximal negative dP/dt, mean aortic pressure, HR, and peak left ventricular pressure. A 5-mg/kg intravenous dose during cardiac catheterization decreased BP, LVEDP, and SVR and increased CO, but it did not affect HR. Chronic amiodarone therapy is not associated with clinically significant depression of ventricular function in patients without left ventricular failure. Hemodynamic deterioration may occur in some patients with compensated congestive heart failure, perhaps because of the antiadrenergic effects of the drug.
In acute situations with stable patients, a 150-mg intravenous bolus is followed by a 1.0-mg/min infusion for 6 hours and then 0.5 mg/min thereafter. In cardiopulmonary resuscitation, a 300-mg intravenous bolus is given and repeated with multiple boluses as needed if defibrillation is unsuccessful.
Despite relatively widespread use of amiodarone, anesthetic complications have infrequently been reported. In two case reports, bradycardia and hypotension were prominent. One of the reports described profound resistance to the vasoconstrictive effects of α-adrenergic agonists. The slow decay of amiodarone in plasma and tissue makes such adverse reactions possible long after discontinuing its administration. Because T 3 is reported to reverse electrophysiologic effects of amiodarone, T 3 could possibly be used to reverse hemodynamic abnormalities, such as those described in these two case reports, although this theory has not been tested. Epinephrine has been shown to be more effective than dobutamine or isoproterenol in reversing amiodarone-induced cardiac depression.
Class IV: Calcium Channel Antagonists
Although the principal direct electrophysiologic effects of the three main chemical groups of calcium antagonists (verapamil, a benzoacetonitrite; nifedipine, a dihydropyridine; and diltiazem, a benzothiazepine) are similar, verapamil and diltiazem are the primary antiarrhythmic agents.
Verapamil and Diltiazem
Verapamil and diltiazem have been used extensively in the treatment of supraventricular arrhythmias, atrial fibrillation, and atrial flutter. They are especially effective at preventing or terminating PSVT by blocking impulse transmission through the AV node by prolonging AV nodal conduction and refractoriness. They are also useful in the treatment of atrial fibrillation and atrial flutter by slowing AV nodal conduction and decreasing the ventricular response. The effect on ventricular response is similar to that of the cardiac glycosides, although the onset is more rapid and acutely effective for control of tachycardia in patients.
In the perioperative period, verapamil is a useful antiarrhythmic agent. It successfully controlled a variety of supraventricular and ventricular arrhythmias. However, verapamil should be used cautiously intraoperatively because, in conjunction with inhalation anesthetics, significant cardiac depression may occur.
Verapamil dosage for acute intravenous treatment of PSVT is 0.07 to 0.15 mg/kg over 1 minute, with the same dose repeated after 30 minutes if the initial response is inadequate (10 mg maximum). Because the cardiovascular depressant effects of the inhalation anesthetics involve inhibition of calcium-related intracellular processes, the interaction of verapamil and these anesthetics is synergistic. In one large clinical series, verapamil given during steady-state halothane anesthesia transiently decreased BP and produced a 4% incidence of PR interval prolongation. In laboratory studies, verapamil interacts similarly with halothane, enflurane, and isoflurane to mildly depress ventricular function and to slow AV conduction (PR interval). AV block can occur, however, and may be refractory. In addition, AV block can occur when verapamil is combined with β-blockers.
Diltiazem in doses of 0.25 to 0.30 mg/kg administered intravenously followed by a titratable intravenous infusion of 10 to 20 mg/hr has been shown to be rapid acting and efficacious in controlling ventricular response rate in new-onset atrial fibrillation and atrial flutter. In addition, the prophylactic use of intravenous diltiazem has been shown to reduce the incidence of postoperative supraventricular arrhythmias after pneumonectomy and cardiac surgery. Diltiazem may also have a role in treating ventricular arrhythmias. In an experimental model, diltiazem has been shown to be protective against ventricular fibrillation with acute cocaine toxicity.
Other Antiarrhythmic Agents
Digoxin
The primary therapeutic use of digitalis drugs is to slow the ventricular response during atrial fibrillation or atrial flutter, which occurs because of a complex combination of direct and indirect actions on the AV node. The primary direct pharmacologic effect of digitalis is inhibition of the membrane-bound Na + -K + ATPase.
The main preparation of cardiac glycosides available is digoxin. Digoxin reaches peak effects in 1.5 to 2 hours but has a significant effect within 5 to 30 minutes. For undigitalized patients, the initial dose is 0.5 to 0.75 mg of digoxin, with subsequent doses of 0.125 to 0.25 mg. The usual total digitalizing dose ranges from 0.75 to 1.0 mg by the intravenous route. Digoxin is approximately 25% protein bound, and the therapeutic range of plasma concentrations is 0.5 to 2.0 ng/mL.
Adenosine
The important cardiac electrophysiologic effects of adenosine are mediated by the A 1 -receptor and consist of negative chronotropic, dromotropic, and inotropic actions. Adenosine decreases SA node activity, AV node conductivity, and ventricular automaticity. In many ways these effects mimic those of acetylcholine.
For clinical use, adenosine must be administered by a rapid intravenous bolus in a dose of 100 to 200 μg/kg, although continuous intravenous infusions of 150 to 300 μg/kg/min have been used to produce controlled hypotension. For practical purposes, in adults an intravenous dose of 3 to 6 mg is given by bolus followed by a second dose of 6 to 12 mg after 1 minute if the first dose was not effective. This therapy rapidly interrupts narrow-complex tachycardia caused by AV nodal reentry. Comparison with verapamil has shown adenosine to be equally effective as an antiarrhythmic agent but with the advantages of fewer adverse hemodynamic effects, a faster onset of action, and a more rapid elimination so that undesired effects are short-lived. 33 
Potassium
Because of the close relationship between extracellular pH and potassium, the primary mechanism of pH-induced arrhythmias may be alteration of potassium concentration. Both hypokalemia and hyperkalemia are associated with cardiac arrhythmias; however, hypokalemia is more common perioperatively in cardiac surgical patients and is more commonly associated with arrhythmias. Decreasing extracellular potassium concentration increases the peak negative diastolic potential, which would theoretically appear to decrease the likelihood of spontaneous depolarization. However, because the permeability of the myocardial cell membrane to potassium is directly related to extracellular potassium concentration, hypokalemia decreases cellular permeability to potassium. This prolongs the action potential by slowing repolarization, which in turn slows conduction and increases the dispersion of recovery of excitability and, thus, predisposes to the development of arrhythmias. ECG correlates of hypokalemia include appearance of a U wave and increased P-wave amplitude. The arrhythmias most commonly associated with hypokalemia are premature atrial contractions (PACs), atrial tachycardia, and supraventricular tachycardia (SVT). Hypokalemia also accentuates the toxicity of cardiac glycosides.
Moderate hyperkalemia, in contrast, increases membrane permeability to potassium, which increases the speed of repolarization and decreases APD, thereby decreasing the tendency to arrhythmias. An increased potassium concentration also affects pacemaker activity. The increased potassium permeability caused by hyperkalemia decreases the rate of spontaneous diastolic depolarization, which slows HR and, in the extreme case, can produce asystole. The repolarization abnormalities of hyperkalemia lead to the characteristic ECG findings of T-wave peaking, prolonged PR interval, decreased QRS amplitude, and a widened QRS complex. Both AV and intraventricular conduction abnormalities result from the slowed conduction and uneven repolarization.
Treatment of hyperkalemia is based on its magnitude and on the clinical presentation. For life-threatening, hyperkalemia-induced arrhythmias, the principle is rapid reduction of extracellular potassium concentration, a treatment that does not acutely decrease total body potassium content. Calcium chloride, 10 to 20 mg/kg, given by intravenous infusion, will directly antagonize the effects of potassium on the cardiac cell membranes. Sodium bicarbonate, 1 to 2 mEq/kg, or a dose calculated from acid-base measurements to produce moderate alkalinity (pH approximately 7.45 to 7.50), will shift potassium intracellularly. A change in pH of 0.1 unit produces a 0.5 to 1.5 mEq/L change of potassium concentration in the opposite direction. An intravenous infusion of glucose and insulin has a similar effect; glucose at a dose of 0.5 to 2.0 g/kg with insulin in the ratio of 1 unit to 4 g of glucose is appropriate. Sequential measurement of serum potassium is important with this treatment because marked hypokalemia can result.
Acute hypokalemia frequently occurs after CPB as a result of hemodilution, urinary losses, and intracellular shifts, the latter perhaps relating to abnormalities of the glucose-insulin system seen with nonpulsatile hypothermic CPB. With frequent assessment of serum potassium concentrations and continuous ECG monitoring, potassium infusion at rates of up to 10 to 15 mEq/hr may be administered to treat serious hypokalemia. 34 
Magnesium
Magnesium deficiency is also a relatively common electrolyte abnormality in critically ill patients, especially in chronic situations. Hypomagnesemia is associated with a variety of cardiovascular disturbances, including arrhythmias. Sudden death from coronary artery disease, alcoholic cardiomyopathy, and congestive heart failure may involve magnesium deficiency. Functionally, magnesium is required for the membrane-bound Na + /K + ATPase, which is the principal enzyme that maintains normal intracellular potassium concentration. Not surprisingly, the ECG findings seen with magnesium deficiency mimic those seen with hypokalemia: prolonged PR and QT intervals, increased QRS duration, and ST-segment abnormalities. In addition, as with hypokalemia, magnesium deficiency predisposes to the development of the arrhythmias produced by cardiac glycosides.
Arrhythmias induced by magnesium deficiency may be refractory to treatment with antiarrhythmic drugs and either electrical cardioversion or defibrillation. For this reason, adjunctive treatment of refractory arrhythmias with magnesium has been advocated even when magnesium deficiency has not been documented. Magnesium deficiency is common in cardiac surgery patients owing to the diuretic agents these patients are often receiving and because magnesium levels decrease with CPB because of hemodilution of the pump. Magnesium lacks a counterregulatory hormone to increase magnesium levels during CPB in contrast to the hypocalcemia that is corrected by parathyroid hormone. The results of magnesium administration trials involving CABG have been conflicting. Some studies have shown a benefit and others have not in regard to reducing the incidence of postoperative arrhythmias. 35 summAry
Anti-Ischemic Drug Therapy
• Ischemia during the perioperative period demands immediate attention by the anesthesiologist. The impact of ischemia may be both acute (impending infarction, hemodynamic compromise) and chronic (a marker of previously unknown cardiac disease, a prognostic indicator of poor outcome).
• Nitroglycerin is indicated in nearly all conditions of perioperative myocardial ischemia. Mechanisms of action include coronary vasodilation and favorable alterations in preload and afterload. Nitroglycerin is contraindicated when hypotension is present.
• Perioperative β-blockade may reduce the incidence of perioperative myocardial ischemia via a number of mechanisms. Favorable hemodynamic changes associated with β-blockade include a blunting of the stress response and reduced heart rate, blood pressure, and contractility. All of these conditions improve myocardial oxygen supply/demand ratios. • Calcium channel blockers reduce myocardial oxygen demand by depression of contractility, heart rate, and/or decreased arterial blood pressure. Calcium channel blockers are often administered in the perioperative period for longer-term antianginal symptom control.
Drug Therapy for Systemic Hypertension
• Current guidelines suggest seeking a target blood pressure of less than 140/85 mm Hg to minimize long-term risk for adverse cardiovascular morbidity and mortality.
• For patients with diabetes, renal impairment, or established cardiovascular diseases, a lower target of less than 130/80 mm Hg is recommended.
• Mild-to-moderate hypertension does not represent an independent risk factor for perioperative complications; however, a diagnosis of hypertension necessitates preoperative assessment for target organ damage.
• Patients with poorly controlled preoperative hypertension experience more labile blood pressures in the perioperative setting with greater potential for hypertensive or hypotensive episodes or both.
Pharmacotherapy for Acute and Chronic Heart Failure
• The signs, symptoms, and treatment of chronic heart failure are as related to the neurohormonal response as they are to the underlying ventricular dysfunction.
• Current treatments of chronic heart failure are aimed at prolonging survival, not just relief of symptoms.
• The low cardiac output syndrome seen after cardiac surgery has a pathophysiology, treatment, and prognosis that differ from those of chronic heart failure, with which it is sometimes compared.
Pharmacotherapy for Cardiac Arrhythmias
• Physicians must be cautious in administering antiarrhythmic drugs because of the proarrhythmic effects that can increase mortality in certain subgroups of patients.
• Amiodarone has become a popular intravenous antiarrhythmic drug for use in the operating room and critical care areas because it has a broad range of effects for ventricular and supraventricular arrhythmias.
• β-Receptor antagonists are very effective but underused antiarrhythmic agents in the perioperative period because many arrhythmias are adrenergically mediated due to the stress of surgery and critical illness.
• Managing electrolyte abnormalities and treating underlying disease processes such as hypervolemia and myocardial ischemia are critical treatment steps before the administration of any antiarrhythmic agent.
